Background: Higher alanine transaminase (ALT) is positively associated with diabetes but inversely associated with body mass index (BMI) in Mendelian randomization (MR) studies, suggesting liver function may affect body composition. To clarify, we assessed the association of liver function with muscle and fat mass observationally with two-sample MR as a validation.
Introduction
Observationally, poorer liver function, particularly nonalcoholic fatty liver disease (NAFLD), is associated with a higher risk of type 2 diabetes mellitus. 1 Mendelian randomization (MR) studies have clarified that higher alanine aminotransferase (ALT) rather than other aspects of liver function, could be the relevant factor causing diabetes. [2] [3] [4] However, modifiable targets on the pathway from poor liver function to diabetes are unclear and worthy of exploration. Recently, an unpublished MR study found ALT inversely associated with body mass index (BMI), indicating higher ALT might reduce BMI (bioRxiv. doi:10.1101/404319) . This finding appears to contradict observational studies which show adiposity associated with poor liver function. 5 Besides, using BMI as a proxy measure for adiposity might not be correct, because it cannot distinguish muscle mass from fat mass. 6 Nevertheless, ALT reducing the muscle mass component of BMI would be consistent with ALT increasing the risk of diabetes, given low muscle mass is a potential cause of diabetes. 7, 8 Observationally, liver function is associated with muscle mass, although these studies are not always consistent. 9,10 These inconsistencies could be due to confounding by lifestyle, health status, and socioeconomic position (SEP), or to selection bias in studies conducted in patients.
To clarify the roles of liver enzymes, indicating liver function, in body composition in the absence of experimental evidence, we conducted two analyses with different assumptions and study designs. Observationally, we examined the associations of ALT and alkaline phosphatase (ALP) with commonly used measures of muscle mass, i.e., muscle mass and grip strength, 11 and fat percentage in young people in a setting with little socioeconomic patterning of obesity, so as to reduce confounding by poor health and SEP, i.e., in Hong Kong's "Children of 1997" birth cohort. 12 Given the difference in body composition by sex, we also examined whether the associations differed by sex because such differences are likely interpretable even when other associations are confounded. 13 To validate the impact of liver enzymes on body composition, taking advantage of the random allocation of genetic endowment to avoid confounding, 14 we also used an MR design to assess the effects of genetically predicted ALT, ALP and gamma glutamyltransferase (GGT) 15 on body composition (fat-free mass, grip strength and fat mass) from the UK Biobank. 16 obtained from multivariable linear regression adjusted for the first 20 principal components, sex, age, age-squared, the sex and age interaction and the sex and age-squared interaction. 16 Statistical analyses
Observational analyses
In the "Children of 1997" birth cohort, baseline characteristics were compared between cohort participants who were included and excluded using chi-squared tests and Cohen effect sizes which indicate the magnitude of differences between groups independent of sample size. Cohen effect sizes are usually categorized as 0.20 for small, 0.50 for medium and 0.80 for large, but when considering categorical variables they are categorized as 0.10 for small, 0.30 for medium and 0.50 for large. 21 The associations of body composition with potential confounders were assessed using independent t-tests or analysis of variance (ANOVA). We assessed the associations of liver enzymes with body composition indices using multivariable linear regression, adjusted for household income, highest parental education, type of housing, highest parental occupation, second-hand and maternal smoking, height and sex.
For a small proportion of the observations, ALT was lower than 10 IU/L (n=254) and was fixed at 5 IU/L. We also assessed whether associations differed by sex from the significance of interactions adjusted for the other potential confounding interactions by sex.
Mendelian randomization analyses
We assessed the strength of the genetic instruments based on the F-statistic, where a higher F-statistic indicates a lower risk of weak instrument bias. 22 All SNPs were aligned according to the effect allele frequency for both the exposure and outcome.
We obtained the effects of liver enzymes on body composition indices based on meta-analysis of SNP-specific Wald estimates (SNP-outcome association divided by SNP-exposure association) using inverse variance weighting (IVW) with multiplicative random effects for 4+ SNPs, which assumes balanced pleiotropy, and zero average pleiotropic effect of variants, and with fixed effects for 3 SNPs or fewer. Heterogeneity was assessed using the I 2 statistic where a high I 2 may indicate the presence of invalid SNPs. 23 Power calculations were performed using the approximation that the sample size for Mendelian randomization equates to that of the same regression analysis with the sample size divided by the r 2 for genetic variant on exposure. 24 Differences by sex were also assessed.
Sensitivity analyses
First, we repeated the analyses excluding potentially pleiotropic SNPs and those associated with confounders in the UK Biobank. Second, we used a weighted median (WM) which may generate correct estimates as long as >50% of weight is contributed by valid SNPs. 25 Third, we used MR-Egger which generates correct estimates even when all the SNPs are invalid instruments as long as the instrument strength independent of direct effect (InSIDE) assumption, that the pleiotropic effects of genetic variants are independent of the instrument strength, is satisfied. 23 A non-null intercept from MR-Egger indicates potentially directional pleiotropy and an invalid IVW estimate. 25 Finally, as an additional check on the validity of the MR estimates, we used Mendelian Randomization Pleiotropy RESidual Sum and Outlier (MR-PRESSO), which precisely detects and corrects for pleiotropic outliers assuming >50% of the instruments are valid, balanced pleiotropy and the InSIDE assumption are satisfied. Ideally, it
gives a causal estimate with less bias and better precision than IVW and MR-Egger additionally assuming 10% of horizontal pleiotropic variants. 26, 27 All statistical analyses were conducted using R version 3·4·2 (R Foundation for Statistical Computing, Vienna, Austria). The R packages MendelianRandomization 28 and MRPRESSO 27 were used to generate the estimates.
Results

Children of 1997
Of 8,327 initially recruited, 6,850 are contactable and living in Hong Kong, of whom 3,460 (51%) took part in the Biobank clinical follow-up. Of these 3,460, 3,455 had measures of muscle mass, grip strength or fat percentage, as shown in Figure 1 . The mean and standard deviation (SD) of muscle mass, grip strength and fat percentage were 42.6kg (SD 8.8kg), 25.8kg (SD 8.3kg) and 21.7% (SD 8.8%). Boys had higher muscle mass and grip strength but lower fat percentage than girls, but body composition had little association with SEP (Table 1 ). There were some differences between participants included and excluded from the study, such as sex, second-hand and maternal smoking exposure, and SEP, but the magnitude of these differences was small (Cohen effect size <0.15) (Supplemental Table 1 ).
The associations of liver enzymes with muscle mass and fat percentage differed by sex (Table 2) . ALT was more strongly positively associated with muscle mass and fat percentage in boys. ALT was not clearly associated with grip strength. ALP was inversely associated with muscle mass, fat percentage and grip strength in boys, whereas, ALP was unclearly associated with muscle mass but positively associated with fat percentage and grip strength in girls.
Mendelian randomization
Genetic instruments for liver enzymes
Altogether, 4 SNPs independently predicting ALT, 14 SNPs independently predicting ALP and 26 SNPs independently predicting GGT at genome-wide significance were obtained. 15 Palindromic SNPs were all aligned according to effect allele frequency (Supplemental Table 2 ). The F statistic and variance explained (r 2 ) were 15 and 0.001 for ALT, 158 and 0.035 for ALP, and 45 and 0.019 for GGT. As such the MR study had 80% power with 5% alpha to detect a difference of 0.15, 0.03 and 0.04 in fat-free mass and fat mass effect size for ALT, ALP, and GGT respectively.
One SNP, rs2954021 (TRIB1), predicting ALT was associated with potential confounders. Seven SNPs, rs174601 (C11orf10, FADS1, FADS2), rs2236653 (ST3GAL4), rs281377 (FUT2), rs2954021 (TRIB1), rs579459 (ABO), rs6984305 (PPP1R3B) and rs7923609 (JMJD1C, NRBF2) predicting ALP were associated with potential confounders. Eight SNPs, rs10908458 (DPM3, EFNA1, PKLR), rs12145922 (CCBL2, PKN2), rs1260326 (GCKR), rs1497406 (RSG1, EPHA2), rs17145750 (MLXIPL), rs516246 (FUT2), rs7310409 (HNF1A, C12orf27) and rs754466 (DLG5), predicting GGT were associated with potential confounders in UK Biobank at Bonferroni corrected significance (Supplemental Table 3 ).
Among the 4 SNPs predicting ALT, rs2954021 (TRIB1) predicts both ALT and ALP. Among the 14 SNPs predicting ALP, rs281377 (FUT2) is highly associated with resting metabolic rate, rs579459 is located in the ABO gene whose impact is extensive but unclear. Among the 26 SNPs predicting GGT, rs12968116 (ATP8B1) is associated with body height, rs1260326 (GCKR) and rs516246 (FUT2) are associated with Crohn's disease which might be associated with body composition (Supplemental Table 3 ). Table 3 shows similar inverse estimates of genetically predicted ALT with fat-free mass and fat mass from all methods and by sex, however, the confidence intervals included the null value. ALT was not clearly associated with grip strength. Nevertheless, using MR-PRESSO ALT was inversely associated with fat-free mass and fat mass. Table 4 shows genetically predicted ALP was not clearly associated with fat-free mass, fat mass, or grip strength using any method or by sex. Table 5 shows genetically predicted GGT was not clearly associated with fat-free mass, fat mass or grip strength, but after excluding potential pleiotropy the corrected MR-PRESSO estimates suggested a positive association with fat-free mass and fat mass, particularly in women. GGT was not clearly associated with grip strength, although the WM estimate gave positive associations in women.
Mendelian randomization estimates
Discussion
Using two different complimentary designs with different strengths and weaknesses, we examined the impact of liver enzymes on body composition. Although there were discrepancies between the observational and MR estimates, some associations of ALT and GGT with body composition were found.
These two study designs have contrasting limitations.
Observational studies are open to residual confounding, possibly by diet, lifestyle, and physical activity, although smoking is rare and alcohol consumption is low in Hong Kong. [29] [30] [31] Disentangling correlated factors is also difficult in an observational study. Inevitably, follow-up was incomplete (51%), but participants with and without body composition indices were similar, making selection bias unlikely. We also identified some sex differences which are less open to confounding. Inaccessibility, cost, and exposure to low-dose radiation precluded the use of dual-energy X-ray absorptiometry The reliability of BIA measurements particularly of body fat could vary for many reasons 32 but unlikely with liver function, so any bias was likely towards the null. The discrepancy between the observational and MR estimates might be due to reverse causality in the cross-sectional setting, and other limitations of observational studies. Differences by race/ethnicity are also possible. Lack of relevant data in Chinese precludes examining this possibility. However, we would normally expect causal factors to act consistently unless we know of reasons why the relevance of the specific operating mechanism varies by race/ethnicity. 33 MR assumes the genetic instruments strongly predict the exposure, are not confounded, and are only linked with the outcome by affecting the exposure. The F statistics were all >10 suggesting weak instrument bias is unlikely. We repeated the analyses excluding SNPs potentially associated with confounders. We conducted several sensitivity analyses to assess potential pleiotropy statistically, such as MR-Egger and MR-PRESSO, but found no evidence of directional pleiotropy. The MR estimates were relatively small, which might not be clinically significant, but could be relevant at the population level and may provide etiological insights. 34 The MR analyses were mainly restricted to people of European ancestry. Given the distribution of body composition varies by ethnicity, it is possible that the drivers of body composition also vary by ethnicity. However, more parsimoniously, it is likely that the drivers of body composition are similar across populations but their relevance varies. Specifically, ALT is higher in Chinese than in Westerners 35-37 which might be relevant to the lower fat-free mass in Chinese than in Westerners, 38 although ethnic variation in both ALT and fat-free mass could just be due to chance. The use of summary statistics in the MR study, means we could not comprehensively assess the
Conclusion
Higher ALT, representing hepatocyte integrity, might reduce fat-free mass and fat mass with differences by sex;
whilst higher GGT, as a marker of cholestasis, might increase fat-free mass and fat mass. As such, our study provides some indications that lower fat-free mass may mediate the positive effect of ALT on diabetes risk, which requires confirmation in other studies.
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, where p0 is the proportion in given by the null hypothesis and p1 is the proportion given the alternative hypothesis;
where N is the total count of the included and excluded participants. 
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